The extensive use of thermal insulation in low-energy dwellings makes them susceptible to heat trapping in warmer periods. Construction elements with dynamically adjustable thermal transmittance properties, so-called dynamic insulation systems, can be a promising solution for reducing this overheating problem, while simultaneously lowering the energy consumption for heating. In this paper, the performance of a novel type of closed-loop forced convective dynamic insulation system is investigated. A simulation model to predict the performance of the dynamic insulation is developed in EnergyPlus. First results show that a ninefold higher U-value can be achieved in comparison with the insulating state of the system. Multiple case studies have been analysed to study the behaviour and performance of the system. It was found that the dynamic insulation system can reduce the energy consumption and increase the indoor thermal comfort of a typical residential building, while using less auxiliary energy than comparable passive cooling systems, such as night ventilation. Applying dynamic insulation to a façade construction with a heavyweight interior partition and lightweight exterior partition resulted in the best performance. If a small period of thermal discomfort is allowed, the closed-loop dynamic insulation system can obviate the need for an active cooling system in the climates of Helsinki, Amsterdam and Stuttgart.
Introduction

Background
Increased use of thermal insulation forms a key element of legislation and ensuing design guidelines that intend to reduce the environmental footprint of the built environment. With an emphasis on minimizing heat losses in winter, the widespread application of thermal insulation has proven to be very effective in the transition towards low-energy buildings in moderate to cold climates [1] [2] [3] . However, in modern-day building design, also some drawbacks of highly-insulated buildings are increasingly becoming apparent, as they can lead to heat trapping, with indoor overheating [4, 5] or higher cooling demands [6, 7] as a negative side-effect.
Over the course of a year, there are several periods in which it would be beneficial to have a large heat flux across the building envelope, rather than isolating indoor conditions from the exterior environment [8] [9] [10] [11] [12] [13] . This happens not only during cool summer nights when the ambient can act as a heat sink, but also on sunny winter days, when solar irradiance absorbed on the building's exterior can contribute to reducing heating energy demand. Construction elements with dynamically adjustable thermal transmittance properties could thus be a promising solution for reducing the energy consumption of buildings while improving the quality of the indoor environment [14] .
In the recent past, several of these so-called dynamic insulation systems have been proposed, for both opaque and translucent facades. An overview of the characteristics of some of these systems is given by Favoino et al. [15] . This information is reinterpreted and extended with other literature, to present an updated overview as is shown in Table 1 . 'Mechanism' describes how the dynamic behaviour of the insulation is controlled. 'Measurement method' indicates how λ, the U-value or the R-value is determined. 'Simulation method' describes if and how building energy simulations are executed. 'Performance indicator' shows the performance indicators used for the analyses. 'Performance increase' gives the increase of the performance indicator in comparison with the reference case used in the particular study.
Most of the technologies presented in Table 1 have been developed in the form of research prototypes or small-scale demonstration projects. In addition, multiple computational studies have been carried out to study the effectiveness of dynamic insulation using simple switchable insulation models in a technologyindependent way [16] [17] [18] [19] . All these studies came to similar conclusions: dynamic insulation can reduce the energy demand of a building, increase comfort and thereby prevent extra energy consumption for cooling. The practical uptake of dynamic insulation systems in the actual building stock is, however, still very limited.
Closed-loop forced convective dynamic insulation
The research activities that are reported in this article focus on a novel type of closed-loop forced convective dynamic insulation system [33] , here referred to as Active Insulation System (AIS). The system uses a structure of air ducts on the front and backside of the insulation panel in combination with two low-voltage fans to actuate an air flow. The system is sealed with aluminium foil on both sides to create a closed system. Fig. 1 shows an exploded view and simplified section of AIS.
When AIS is in the off-state (i.e. the fans are off), it acts as a regular insulation panel because the stagnant air contributes to achieving a high thermal resistance. However, when the fans are switched on, the insulation layer gets bypassed, thereby promoting heat exchange between inside and outside.
AIS is a relatively low-tech solution, especially when compared to some of the other ideas for making variable thermal insulation ( Table 1 ) . This increases chances for market adoption, because it is compatible with existing ways of working in the construction sector [34] . At present, only little is known about the technical performance potential of AIS. Such insights are necessary for making sensible cost-benefits analyses, and to provide directions for moving the research and development process into areas with high potential [35] .
Research objective and paper outline
Since AIS is a newly developed dynamic insulation system, its performance potential is not yet known. This makes it difficult to compare the performance of AIS with other systems. The objective of this paper is therefore to investigate and assess the performance of AIS in the built environment.
In Section 2 of this paper, the development of the modelling and simulation strategy used in this research is described together with the verification of the model in a case with known boundary conditions. Section 3 describes four different case studies done using the simulation model, focussing on a comparison with different passive cooling measures, façade constructions, climates (Stuttgart, Germany; Amsterdam, the Netherlands; Helsinki, Finland; Lisbon, Portugal) and two different rooms. Finally, in Section 4 , the conclusions of this research are summarized.
Development of a modelling and simulation strategy
System description and requirements
The working principle on which AIS relies is heat transfer by means of air circulation in a closed system with one warm and one cold side wall. The AIS element is typically installed in a multilayer envelope construction, such that heat transferred by the air will be exchanged with the surfaces that are in direct contact with AIS.
AIS is designed to either block or increase the heat transfer through the façade construction of a building. The enhanced heat transfer is achieved by activating the fan in the system when a certain temperature difference between indoor and outdoor occurs. If there is no potential for useful heating or cooling through the envelope, the fan is off and the system is inactive. The combination of still air and a low conductivity material result in a high thermal resistance in off-mode.
Due to its possibility to function as both a heating system and a cooling system, it is evident that the control of AIS should change over time as a function of outdoor conditions. For heating, the activation should be based on an increased surface temperature due to solar radiation or a high outside temperature. If cooling is desired, activation should be based on a low outdoor (surface) temperature or possible radiation to the sky. The indoor conditions should be monitored continuously to determine if the desired conditions are met. If this is the case, the system should be deactivated to reduce auxiliary energy consumption, regardless of the outdoor conditions.
This study examines the performance of AIS on two levels: façade and room level. The performance aspects of interest depend on the level at which the system is investigated. On façade level, it is desired to make a detailed analysis of the heat transfer through and energy storage in the construction, to determine the influence of AIS on the energy balance. On room level, performance of the system should be analysed based on performance indicators such as heating demand, cooling demand, auxiliary energy use and overheating of the building.
It is generally not straightforward to model the behaviour of dynamic façade systems such as AIS in whole-building performance simulation tools [36] . Most previous simulation studies have therefore used simplified approaches to account for the changing thermal properties of dynamic insulation systems. In the few studies that change thermal properties during simulation run-time, this was generally achieved by either changing the total thermal resistance or the thermal conductivity of a specific layer [15, 16, 18, 22] . When AIS is in the 'on' state, it is often not sufficient to represent the AIS layer using a very low thermal resistance, because such an approach would disregard the fact that the air circulation in AIS can sometimes function as an active heat exchanger. The heat transfer rate of AIS depends, among other factors, on the mass flow rate of the air and channel diameter. Moreover, research has shown that dynamic thermal storage effects are an important factor to consider when analysing the performance of dynamic insulation systems [15] . These requirements for performance prediction of AIS have led to the development of the simulation model that is further described in Section 2.2 .
Model description
The whole-building performance simulation tool EnergyPlus (v8.6.0) is used to model the performance of AIS. Starting point of the implementation is the existing Ventilated Slab model developed by Chae and Strand [37] . Ventilated Slabs and AIS both function on the principle of forced convection through hollow cores in a construction material. Activation of the system can be based on different temperatures (indoor and outdoor), mass flow rates in the system or predefined schedules. Using the temperature-based control meets the current requirements as it allows for dynamic control based on e.g. outdoor climate conditions. The Ventilated Slab model is part of the standard EnergyPlus distribution. Apart from the hollow core slab, it contains connections with an air handling unit, an outside air mixer, and heating and cooling coils. The hollow core slab consists of parallel air cavities used for the circulation of air. Heat exchange takes place between the air and the slab, which allows for storage of thermal energy in the slab. When the heat reaches the surface of the slab through transient conduction, the whole system acts as a low temperature radiative slab.
The Ventilated Slab model prevents unwanted heating/cooling behaviour by comparing the air inlet temperature with the slab temperature. If the direction of the occurring heat flow would be opposite from the desired heat flow, the system shuts off the air flow and thus prevents further heat exchange. A second check is in place to verify if surface temperatures drop below the dew-point temperature of the zone and if this is the case, the system shuts off to avoid condensation.
Even though there are many similarities between the implemented Ventilated Slab model and AIS, there are also a few major differences. The modifications that were made in the Ventilated Slab model to represent the characteristics of AIS are presented in Fig. 2 . First of all, AIS is divided into two parts: an indoor side and outdoor side (step 1). In the Ventilated Slab model, this can be modelled as two separate slabs that are connected in series (step 2). Finally, the heating and cooling coil and outdoor air mixer are removed, as AIS does not use conditioned outside air, resulting in a closed system with two ventilated slabs in series and a supply fan to control air circulation (step 3).
The Ventilated Slab model uses a modified heat balance so that a heat source/sink can be implemented in the construction element. This source/sink term is caused by air flowing through the cores, from one side of the slab to the other, and its value depends on the temperature difference between the air in the cores and the interior temperature of the slab. The same modelling method has been used before for hydronic radiant systems, and was extensively validated [38] .
Because of the source/sink implementation, only one ventilated slab can be assigned to a surface. To implement AIS in the Ventilated Slab model, the system needs to be modelled as two separate surfaces. The first surface is equipped with the indoor side of the system and the second surface with the outdoor side of the system. The zone that is created in-between the two surfaces is modelled as a cavity with stagnant air, with the remaining surfaces modelled with a massless high thermal resistance insulation material to ensure minimal losses in this zone.
A schematic thermal resistance diagram of a typical wall (1) and a wall equipped with AIS (2) is shown in Fig. 3 . If the fan of AIS is off, the system behaves exactly the same as a typical wall. The main difference between the two situations is the heat being transferred by AIS between point 1 and 3. As a result of this heat transfer, the temperature at point 3 (T 3 ) will be relatively similar to the temperature at point 1 (T 1 ). This actually represents the bypassing of the thermal resistance of AIS (R cond, 2 and R cond, 3 ).
Quality assurance -preliminary simulation studies
Façade syst em charact erization (U-value)
Before conducting building-level dynamic simulations, the model implementation is verified in a case with known boundary conditions. For this purpose, the U-value of AIS is numerically determined by mimicking a hot box situation in compliance with EN-ISO 8990 [39] . The calculations are done using the AIS specifications in Table 2 . The total thickness of the system is 160 mm. Modelling limitations of EnergyPlus do not allow high conductive thin materials in a structure in combination with an internal source surface. Instead, the outer layer of the system consisting of aluminium foil is modelled as a very thin (1 mm) layer of EPS insulation. Two hot box simulations are performed, one when the system is off and one when the system is on. The off-state results in a predicted U-value of 0.185 W/m ²K; this value is identical to the value obtained by hand calculations following the assumptions in the ISO standard. When the fans are activated, the U-value of the slab increases to 1.657 W/m ²K and thus a ninefold increase of the heat exchange rate.
Control considerations
The model as described before has shown to be able to adequately predict the behaviour of AIS in both the inactive and active situation. An additional aspect to check is whether the operation logic (i.e. control strategies) of the original Ventilated Slab model is also suitable for AIS. An in-depth study to investigate this issue is reported in Appendix I . From this study, it can be concluded that with a slight modification in the EnergyPlus source code, to bypass a check that causes unwanted deactivation of the system, and a dual setpoint strategy based on outdoor surface temperature, the control system is suited for predicting the performance of AIS.
Results analysis and discussion
Introduction
In this section, several case studies are described and the results of these will be discussed. Table 3 shows the characteristics of the different case studies. As can be seen, only one parameter is varied at a time to enable the investigation of only that parameter. The first case study compares AIS with different commonly used passive cooling systems, while the second case study focuses Table 5 Characteristics and control strategies of the studied passive cooling measures. on the applicability of AIS in different façade constructions. Performance of AIS in different climates and in different type of rooms is studied in the third and fourth case study, respectively. Each section describes the method of the case study and is followed by the results and discussion.
Passive Cooling
Description of the base model
A typical detached residential building [40] is used to analyse the impact of AIS on energy use and indoor overheating risk. Table 4 presents a brief overview of the building envelope characteristics. A full specification of the building characteristics, internal loads and occupancy profiles is given in Appendix II . Based on recommendations from earlier research [23] , the weather conditions used for the simulations are from a continental climate, in this case Stuttgart, Germany. The base case building does not have an air conditioning system, as a goal of the research is to study the effect of AIS on overheating during the summer.
Comparison of passive cooling measures
Method description
The passive cooling measures that are compared in this study are shown in Table 5 . Night ventilation is modelled using a fixed air change rate per hour. The control strategy for night ventilation is based on an extensive literature study [41] . These setpoints ensure cooling during night-time, but also prevent overcooling of the room. The shading system used is a highly reflective, low transmittance shading screen, with an activation setpoint of 250 W/m ² incident irradiance. Overhangs are placed at the east and south facing windows, having an extension on both sides of the window. In reality, an AIS panel consists of a static part and an active part ( Fig. 1 ) . The active part is the actual heat exchanging surface with the air ducts and fan, whereas the static part consists of regular insulation around the mounting points. To take the impact of this static and dynamic part into account, three simulations are done with different active surface areas, respectively 100%, 50% and 25%. Table 6 shows how the characteristics of the system are changing with a different effective surface percentage.
Performance indicators.
For comfort evaluation, the adaptive thermal comfort model for dwellings described by Peeters et al. [42] is used. This adaptive model links the indoor comfort temperature to the outdoor temperature and allows for higher temperatures during summer, as shown in Fig. 4 . Research [42] has shown that a 90% acceptance is reached with an allowed comfort region of 5 °C and a 80% acceptance with an comfort region of 7 °C. The comfort region is split asymmetrically around the thermal neutral temperature in a 70-30% rate [42] . Assessment of the exceedance hours will be done for both the 90% and 80% acceptance boundaries for a specific period of the year, namely March until November. These are the months with temperatures that can lead to overheating of the dwelling. Combining this with assessing only the hours with presence, comfort will be assessed for 4675 hours per year. The primary energy consumption to achieve the predicted heating demand will be calculated for the different cases, as one of the benefits of AIS is the expected reduction in heating demand. A water/air heat pump with a COP of 3.0 is considered. The price per unit of energy is €0.18/kWh for electrical energy, based on typical consumer prices [43] .
Results and discussion
Thermal comfort Fig. 5 compares comfort conditions in the living room for the different cases, where exceedance hours of the comfort boundaries of 80% and 90% acceptance are shown. Already at a low effective surface area of AIS, the amount of exceedance hours can be reduced significantly. With 25% effective surface area, only 75 exceedance hours above the 80% acceptance range occur. Increasing the effective surface area to 100%, decreases the exceedance hours to zero. Similar results show for night ventilation with an air change rate of 5. However, a constant air change rate of 5 is relatively hard to achieve due to the fact that natural night ventilation is influenced by, among other things, temperature difference, wind speed and pressure differences [44] . Adding static shading elements or changing the control of the automated shading systems does have some effect against overheating, but the small change in exceedance hours indicates that for this case, overheating in summer is more affected by internal gains than solar radiation. It is worth noting that the base case scenario also has shading systems installed, but that the activation threshold is different.
Temperature distribution living room
As AIS and night ventilation show similar effects in terms of decreasing the number of overheating hours, a detailed study was performed for a summer period (13 August-18 August). From  Fig. 6 a, it can be seen that the operative temperature in the living room does not deviate much between the different AIS cases, and is similar to the temperatures achieved with night ventilation. A comparison of the indoor surface temperature, on the other hand, shows a much bigger difference between the two measures ( Fig. 6 b) . By cooling the thermal mass directly, AIS can achieve lower surface temperatures for all cases. The graph shows that, as time progresses, AIS can actually reduce the surface temperature, while the surface temperature stays roughly similar when using night ventilation.
Heating demand From Fig. 7 , it can be seen that the annual specific heating demand of the living room decreases when using AIS. Night ventilation does not result in a decrease and changing the shading measures only increases the heating demand. In comparison with any of the cases, AIS can reduce the heating demand with 16% −22%, depending on the amount of effective surface area of AIS. This is a result of transferring heat to the living room on sunny winter days when the outside surface heats up due to solar radiation.
Auxiliary energy consumption
Of all compared cases, AIS and night ventilation based on mechanical ventilation use auxiliary energy. The power of a small fan used in the AIS panel is estimated at 0.5 W. For night ventilation, the energy consumption is based on the power output of a commonly used residential heat-recovery ventilation system: 12, 74 and 156 Watt for 1 ACH, 3 ACH and 5 ACH respectively [45] . Auxiliary energy consumption of the fans can be calculated with following equation
Where E auxiliary is the annual auxiliary electrical energy consumption, P fan is the power of one fan, N fan is the total number of fans installed and t is the amount of time the system is activated. Using this equation to calculate the auxiliary energy consumption, it shows that AIS uses between 19 kWh el and 66 kWh el auxiliary energy yearly. Night ventilation uses significantly more auxiliary energy as a result of the much higher power of the fan, between 31 kWh el and 289 kWh el per year.
Energy costs
With the auxiliary energy consumption, the overall yearly energy is calculated. The primary energy demand for heating is calculated based on the specifications of the heating system and the annual specific heating demand. The total annual energy costs are shown in Fig. 8 , specified for heating and auxiliary energy.
From the results it can be seen that even though AIS uses auxiliary energy to achieve a reduced heating demand and improved thermal comfort conditions, it has the lowest yearly costs. In comparison with mechanical night ventilation, where thermal comfort is similar or in some cases better than AIS, AIS uses significantly less auxiliary energy. These auxiliary energy costs for night ventilation can be neglected if natural ventilation is used. However, the simulated constant ventilation rate is not achievable with natural ventilation, as building parameters and varying weather conditions influence the ventilation rate of natural night ventilation.
Comparing different façade structures
Method description
Previous research suggests that the amount and position of thermal mass in a construction is a very important factor when assessing the performance of building envelopes [15, 46] . Five different construction types are studied here, differing in the location of thermal mass, but having the same overall thermal resistance. Abbreviations are used to designate the amount of thermal mass: HW stands for heavyweight and implies thermal mass present, while LW stands for lightweight and no significant thermal mass present. For example: HW_HW describes a façade structure in which AIS is positioned between a heavyweight external and internal construction element. The interior slabs of the façade structure also determine if the ground floor and internal floor are modelled as Thermal comfort will be assessed using the model from Peeters et al. [42] . Comfort will be assessed during hours with presence from March until November, for the comfort boundaries of a 90% and 80% acceptance case. The annual specific heating demand of the living room will be determined and compared to a situation without AIS.
To study in detail what the effect of the location and amount of thermal mass on the heat transfer through the construction is, a detailed study of the heat transfer through the construction is made. The heat transferred by AIS for five consecutive days is studied during a summer period for both the HW_HW case and the LW_HW case. A typical summer week is chosen with enough cooling potential during the night.
Results and discussion
Thermal comfort Fig. 10 shows the exceedance hours of the comfort boundaries during the assessed period. A comparison is made between the base case with night ventilation and the AIS case. For the HW_HW, HW_LW and LW_LW case, the thermal comfort is very comparable with the base case. Only the LW_HW and LW_HW_Retro façade construction show a thermal comfort improvement in comparison with night ventilation. The LW_HW has no exceedance hours of the 80% acceptance boundary and only 44 exceedance hours of the 90% acceptance boundary.
The façade constructions with low effective thermal mass have significant overheating issues which is a result of the lack of thermal storage capacity. Cooling at night has only little effect, as the indoor temperature increases quickly due to solar gains and internal gains during the next day. The HW_HW façade structure has thermal mass on the outside, which actually limits the cooling potential of the system. The thermal mass is warmed up during the day due to solar radiation, but cannot be cooled down sufficiently during the night.
Heating demand In Fig, 11 , the heating demand for the night ventilation and AIS cases for each façade construction are compared. Only the cases with a lightweight outer façade structure result in a significant reduction of the heating demand of approximately 20%. The direct connection to the outdoor conditions and quickly rising exterior surface temperature are responsible for the fact that these cases lead to a large heating energy reduction potential of AIS.
Influence of thermal mass
The results show that only the LW_HW and LW_HW_Retro case result in a reduction of the heating demand and a significant improvement in thermal comfort conditions. A detailed study of the influence of thermal mass on the outside of the structure is performed for a summer week, by plotting the heat flows through the façade structure over time. This comparison uses the hot box method as described before, to be able to concentrate only on the effect of construction type on heat flow and temperatures. Fig. 12 shows the heat flow of the HW_HW case (left) and the temperature profile over the construction (right), during a summer period. It shows a relatively large positive heat flow at the moment the system activates, resulting in heating instead of cooling. Cooling occurs after a certain period of time as the heat transfer direction reverses by dropping below zero. This is in line with the temperature profile across the construction. The moment the surface temperature drops below the indoor temperature, the system activates. However, the temperature at the surface that is in contact with the AIS layer, is still approximately 29 °C. This is a higher temperature than the indoor temperature and, as a result, a positive heat flow occurs. There is a significant temperature difference between the outside surface temperature and the temperature at the location of AIS, up to 8 °C. Fig. 13 shows the heat flow (left) and the temperature profile over the construction (right) for the LW_HW construction. The moment AIS activates, a negative heat flow occurs and thus the internal zone is cooled. In comparison with the HW_HW case, the maximum heat transfer is larger, 15-20 W/m ² in comparison with 10 W/m ² respectively. The temperature profiles over the construction also show that the outside surface temperature of the HW_HW case drops significantly slower than that of the LW_HW case. As a result, AIS can be activated for a longer period in the LW_HW case. With a lightweight outside construction, temperature differences of 25 °C can be seen during the day, while a heavyweight construction attenuates this difference to 10 °C.
Control algorithm
The occurrence of heat flows in the wrong direction indicates that the control algorithm does not function optimal for a HW outdoor structure. Instead of controlling based on the outdoor surface temperature, the algorithm is adjusted so that it activates based on the temperature of the layer adjacent to AIS, which is the simulated temperature at the inside of the masonry. This is done using the validated built-in possibility of EnergyPlus for determining the temperature at a specific layer of the construction when using low temperature radiant systems. The results in terms of thermal comfort and heating demand of the living room do not differ significantly with the updated con- Even with the adapted control algorithm, the performance of all situations with a thermal heavy outer structure does not change significantly. The detailed heat flow study showed that the amplitude of the temperature fluctuations is dampened by the thermal mass and a time shift in occurrence of the minimum and maximum temperatures can be seen. Overall, this results in a shorter activation time and a lower potential. Applying AIS does not result in significant performance increase in this case.
Even though the present results show strong limitations to the use of AIS in certain situations, the results are in line with earlier research on controllable insulation and different façade structures. Jin et al. [18] concluded that placing the controllable insulation externally to the thermal mass increases the energy saving potential of the adaptive insulation system to the greatest extent, while comfort improvements are possible only if a sufficient amount of thermal mass is present.
AIS in different climates
Method description
Previous comparison studies in this article used the TMY weather data for Stuttgart (heating degree days (HDD): 2340, cooling degree days (CDD): 106). Next to Stuttgart, the performance of AIS in the climates of Amsterdam (Netherlands), Helsinki (Finland) and Lisbon (Portugal) is also studied. Helsinki experiences a heating dominated climate (HDD: 3603, CDD: 28), while Lisbon has little need for heating (HDD: 639, CDD: 227) and Amsterdam has a milder climate (HDD: 2021, CDD: 33). Three different situations will be compared: a base case with night ventilation (1 ACH), a case with AIS applied and a case with active cooling. The setpoints for cooling will be the upper boundary conditions of the 80% and 90% acceptance criteria of the comfort model described before. This will show what performance increase can be achieved with AIS, but also what savings can be achieved in comparison with active cooling.
Results and discussion
The indoor thermal comfort in different climates for the four different simulation cases is shown in Fig. 15 . For all different climates, AIS can reduce the number of exceedance hours significantly in comparison with the 1 ACH night ventilation case. Even for Lisbon, which is a cooling dominated climate, a reduction of the exceedance hours of 80% can be seen. All climates except Lisbon have a maximum of around 100-150 exceedance hours of the 90% acceptance boundary. With a cooling setpoint similar to the 80% acceptance boundary, a large amount of exceedance hours of the 90% acceptance boundary remains, while the amount of exceedance hours with AIS are much lower. Although it was not investigated in detail, this finding indicates that a combination of AIS with active cooling could under some circumstances also be a viable option. Lowering the cooling setpoint to the 90% acceptance boundary results in no exceedance hours in both acceptance ranges, while AIS still has some exceedance hours. Fig. 16 shows the energy costs for heating, cooling and auxiliary energy. Looking at the energy costs for heating for the different climates, it can be seen that AIS can reduce the heating demand in all climates. For all climates, the absolute reductions are between 1.5 and 3.0 kWh th /m ² a. For a heating dominated climate such as Helsinki, this corresponds to only a reduction of 4%. The lower available solar irradiance and lower outdoor temperatures result in a much smaller potential for reducing the heating demand.
As AIS is a passive system, all cases with AIS do not have any costs for cooling. Even though there are no costs for cooling in Lisbon when AIS is applied, still a large amount of exceedance hours remain. When 150 exceedance hours of the 90% acceptance boundary are considered to be acceptable, Stuttgart, Amsterdam and Helsinki do not need a cooling system. Apart from lower investment costs, this can also result in a reduction of the total energy demand between 5 and 20 kWh th /m ²a, thereby saving be- tween €6 and €30 per m 2 per year. For Lisbon, a cooling system is still needed as the amount of exceedance hours is still significant.
AIS applied in an attic room and bedroom
Method description
Previous simulation studies were applied to a room characterised as living room. As AIS can be applied to a complete dwelling, performance data of rooms with other internal loads and user profiles is needed. The rooms being studied are a bedroom on the first floor and an attic room, both on the east façade. Presence of occupants in a bedroom is mainly during the night, while presence in a living room is mainly during the day. To study the possibility of using AIS in a roof construction, the attic room is studied. Characteristics and the full specifications of both rooms, including occupancy profiles, lighting and appliance profiles and specifications of AIS per surface can be found in Appendix IV .
Performance indicators.
For the assessment of the thermal comfort, the criteria for bedrooms as described by Peeters et al. [42] are used. As before, thermal comfort is assessed during hours with presence in the rooms. Both rooms being bedrooms, the time of assessment is from 23:00 until 06:00, from March until November. This results in a total amount of 1925 hours being assessed. Similar to the case studies before, the heating demand of the room will be assessed. The annual specific heating demand of the room will be determined for each case. Furthermore, the auxiliary en- ergy consumption of the system will be determined based on the amount and time of activation of the system. Fig. 17 shows the exceedance hours of the 80% and 90% acceptance criteria. As can be seen, only the bedroom with night ventilation has a significant amount of remaining exceedance hours, up to 250 hours. For both rooms, AIS can reduce the exceedance hours to (nearly) zero. While the result of the living room showed that AIS performed much better than night ventilation, the difference is negligible for the attic room. A large part of the attic room envelope consists of a lightweight roof construction, minimizing the overall thermal mass of the room. As a result, the effect of the thermal mass acting as a low temperature radiative system is much smaller. In this case, direct cooling becomes more important than a delayed response, reducing the additional benefit of AIS. Using AIS to cool the thermal mass is still effective as can be seen from the comparison of night ventilation and AIS in the bedroom.
Results and discussion
Even though the performance in terms of thermal comfort is similar, AIS can still reduce the heating demand with approximately 30% as can be seen from Fig. 18 . 
Concluding remarks
In this research, a newly developed dynamic insulation system for low-energy buildings based on forced convective heat transfer is studied. A computational model is developed to simulate the performance of AIS and multiple case studies are carried out to compare the performance of AIS in different situations.
First analyses of the application of AIS in a representative building envelope construction showed that a low U-value of 0.185 W/m ²K can be achieved in off-mode and a U-value of 1.657 W/m ²K in on-mode. Applying AIS in a case study resulted in 72-90% less comfort exceedance hours, depending on the effective surface area applied. Similar results were seen with higher night ventilation rates. However, AIS also reduced the specific annual heating demand with 16-22%, while using 75% less auxiliary energy than night ventilation. The results showed that it is important to choose an appropriate host construction for AIS. The system performs best for a façade construction with a lightweight outer structure and heavyweight inner structure. A heavyweight outer structure limits the potential of the system significantly as the thermal mass reduces the amplitude of maximum and minimum temperatures and causes a delay in occurrence of these temperatures. AIS can be applied in climates ranging from Lisbon to Helsinki, increasing both thermal comfort and decreasing the heating demand. An active cooling system is not needed in Stuttgart, Amsterdam and Helsinki, if a small amount of exceedance hours are accepted. The beneficial effect of cooling the thermal mass with AIS is reduced when applied to a bedroom, but still a reduction of 30% for the heating demand can be achieved.
This study has shown some positive prospects of the AIS building envelope system on the basis of detailed building performance simulations. Most attention was given to technical aspects such as reductions in energy consumption and improved thermal comfort conditions.
Additional strengths and opportunities arise from the decoupling of night cooling and fresh air supply, leading to the possibility to install the system in places where the option of operable windows would usually be discarded, such as neighbourhoods with high environmental noise levels [47] or poor outdoor air quality [48] . AIS is moreover relatively easy to install, suitable for envelope refurbishments, and has little impact on the architectural appearance of the façade. However, before AIS can become a competitive product in the market, there are several technical and nontechnical barriers that need to be addressed.
For example, it is difficult to calculate the payback time of a technology such as AIS. Based on reductions in energy costs only, the higher capital costs may not be recovered in a short enough timeframe. On the other hand, improvements in thermal comfort are difficult to be expressed in monetary terms, and the avoided costs of installing air-conditioning equipment are seldom included when making decisions about the design of a building envelope.
Another issue that should be addressed with care is the risk for condensation. During summer nights, the temperature at the interior side of the AIS construction might drop below the dewpoint temperature, leading to potential condensation. Similar to control strategies for radiant cooling panels [49, 50] , the development of condensation-free control strategies for AIS is a necessary step in the upcoming phases of the research and development process. In addition, there is also a risk for local thermal bridges. When the system is in the off-state, a path of low thermal resistance is created near the position of the fan. This configuration can cause non-uniform temperatures and can create point thermal bridges [51, 52] , with unwanted heat losses, condensation and potential mould growth as negative side-effects. Further investigations are necessary to determine the extent of this risk, and to design a careful product with thermal breaks to minimize the effect.
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Appendix I. -Control considerations
Introduction
The original control algorithm in the model was developed for hollow core ventilated slabs. To investigate if this algorithm behaves correctly for the case of AIS under dynamic indoor and outdoor conditions, a simulation with typical meteorological year (TMY) weather data is carried out.
The model used for this simulation is built in such a way that only the effect of AIS is taken into account. This is done by setting up the model similar as in the hot box simulation ( Section 2.3.1 ). No internal gains are implemented and there is no ventilation or infiltration in the zone. The dynamic outdoor environment is taken from the TMY weather file of Amsterdam, the Netherlands. The built-in control algorithm is set to regulate the operative temperature of the zone. Setpoints for heating and cooling are 15 °C and 17.5 °C respectively. As the hot box has no internal loads, these setpoints will allow for a good analysis of the functioning of the model.
To analyse the behaviour of the system in-depth, two series of days are chosen: a period with heat gains from solar radiation (24/3 until 26/3) and a period where removal of heat due to low night temperatures occurs (17/7 until 19/7).
Behaviour with built-in control mechanism
Figs. A1 and A2 show the results for the spring period and summer period, respectively. For the spring period, activation occurs if the outside surface temperature exceeds the operative temperature. The system deactivates if the heating setpoint is reached or if the surface temperature drops below the operative temperature. For summer periods, the behaviour is exactly opposite: activation occurs if the outside surface temperature drops below the operative temperature. However, because the system has only one setpoint for heating and one for cooling, and it has a very low thermal storage capacity, the system rapidly activates and deactivates around the setpoints.
Optimizing the control algorithm
A new control algorithm is designed, to avoid the unwanted rapid fluctuations. The control algorithm for AIS is written in the Energy Management System of EnergyPlus, using the EnergyPlus Runtime Language (Erl). The existing control algorithm has the following characteristics:
-A low and high setpoint for cooling and heating can be set in the program 'SetTemp'. -'SetMode' checks if the system should heat or cool based on zone operative temperature. -Activation occurs based on the surface temperature of AIS and ensures a correct direction of the heat flow.
Furthermore, the Ventilated Slab module has an internal check to see if the heat flow goes the desirable way. The most important part of this check is shown in Fig. A3 . Detailed analysis of the data showed that this internal check is the reason why the system deactivates at certain times even though there is still cooling/heating potential. The source code of this module is therefore adapted in EnergyPlus and this internal check is removed.
Behaviour with new control algorithm
A new control algorithm with dual temperature setpoints is designed and simulated using the adapted source code. Figs. A4 and A5 show the results for the spring and summer period respectively. The dual setpoint method for heating allows for heating up to 17.5 °C. If this temperature is reached, the system shuts down, in accordance with the control algorithm. For cooling the algorithm works similarly, but with a different setpoint. The number of ac- Fig. A3 . Capture of the internal check in the Ventilated Slab module that checks the direction of the heat flow and determines if the system should deactivate. tivation moments during the heating period is drastically reduced, from 458 to 12 switching moments. Similar results can be seen for the cooling period. With less activations of the system, but a similar performance, it would suggest that the new control algorithm uses the potential of the outside conditions more efficiently.
Appendix II. -Base case building specifications
Geometry
Geometrical information about the base case dwelling is presented in Fig. A6 , Fig. A7 and Table A1 .
Materials and constructions
Details about material properties and construction types are presented in Tables A2-A5 .
Internal loads and gains
The internal loads, lighting and occupancy of the living room is based on the research of Plas [53] . In this research it is described that the reference dwelling has internal heat gains for lighting and appliances of respectively 1.4 and 3.4 W/m ² on average. However, it also states that these values are for an average for the whole dwelling, in reality these loads are not evenly distributed over the dwelling. As a result, the correct internal gain in the living room for lighting is 9.76 W/m ². The internal gain from appliances is 24.1 W/m ² for the living room. These values match the 100% values of the schedules as composed by Plas and depicted in Fig. A8 . The amount of persons in the living room is set to 4 persons, which depict a family which is often at home. 
Others
The infiltration rate of the base case dwelling is based on the restrictions for the qv;10;spec value for NZEB dwellings, namely 0.400 dm ³/s m ². Based on the surface area of the living room, this results in an air change rate of 0.08 for the living room [53] . Ventilation rates for the dwelling are set at 1.5 dm ³/s per m ² of floor surface, using a mechanical ventilation system with heat recovery (75% efficient) and summer bypass. An ideal load heating system will cover the heating demand of the room for winter periods. The system has a setpoint of 20 °C from 06:00 until 23:00 and a setpoint of 18 °C for all other hours. This resembles the setback of the heating system during night-time. Table A6 .
Appendix IV. -Bedroom and Attic Room Specifications
Geometry
Drawings of the bedroom and attic room are presented in Fig. A9 and Fig. A10 s. Tables A7 and A8 show the characteristics of both rooms and the specification of AIS applied to the different surfaces.
Internal loads in the both the bedroom and the attic room are corresponding to the loads determined by Plas [53] . This results in 10.4 W/m ² for lighting and 26.05 W/m ² for electric equipment. Combined with the schedules used for lighting and appliances from Fig. A11 , this results in the corresponding internal loads over the day. For both rooms, a presence of 2 instead of 4 people is considered. Infiltration is kept at the same level as calculated for the living room, resulting in an air change rate of 0.08 due to infiltration. Ventilation in the both rooms is set at 0.9 dm ³/sm ². 
